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Mass  transport  is  of  paramount  importance  to  the  electrochemical  performance  of  fuel  cells.  The  high 
performance  of  fuel  cells  requires  a  large  diffusion  coefficient,  i.e.  the  diffusivity,  of  the  gas  transport  in 
electrodes  and  efficient  gas  diffusion  can  lead  to  large  limiting  currents  and  controlled  concentration 
polarization.  Recently-designed  electrochemical  devices  allow  for  the  direct  evaluation  of  gas  diffusivity 
in  fuel  cells.  To  realize  these  devices,  a  gas  pump  and  an  oxygen  sensor  are  typically  attached  to  two 
different  spots  of  the  inside  wall  of  an  electrolyte  tube,  which  inevitably  induces  the  uncertainty  in 
measurement  temperature.  To  eliminate  temperature  uncertainty  in  the  diffusivity  measurement,  an 
electrochemical  device  with  a  multifunctional  sensor  is  designed  in  this  report.  Quantitative  analysis 
shows  that  temperature  uncertainty  can  indeed  induce  substantial  evaluation  errors  of  gas  diffusivity, 
limiting  current  density  and  concentration  polarization,  which  in  turn  verifies  the  necessity  of  the 
multifunctional  sensor  device  for  the  accurate  diffusivity  measurement  in  fuel  cells. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  high  performance  of  fuel  cells  requires  efficient  mass 
transport  in  the  electrolytes  and  the  porous  electrodes.  To  acquire 
efficient  mass  transport,  the  conduction  of  ionic  species  and  the 
diffusion  of  gaseous  fuel  species  must  be  fast  [1—3].  In  recent  years, 
it  has  become  the  key  focus  in  the  fuel  cell  field,  especially  in  the 
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solid  oxide  fuel  cell  (SOFC)  area,  to  develop  fuel  cell  materials  that 
exhibit  improved  conduction  and  diffusion  properties  at  relatively 
low  operation  temperatures  [4,5  .  Such  efforts  have  resulted  in 
tremendous  scientific  findings  in  the  fuel  cell  area  and  have 
brought  about  insightful  implications  in  the  general  energy  area. 
For  instance,  Santamaria  et  al.  reported  the  colossal  conductivity  at 
the  interfaces  of  crystalline  Zr02:Y203/SrTi03  heterostructures  [6]. 
Vertically-aligned  nanocomposite  material  (Ceo.gGdo.i  01.95)0.5 / 
(Zr0.92Yo.o80i.96)o.5(GDC/YSZ)  with  pronounced  ionic  conductivity 
was  realized  via  a  PLD  method  by  Wang  et  al  [7].  To  achieve  fast 
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diffusion  at  a  low  operating  temperature,  Hussain  et  al.  prepared 
nickel-ceria  infiltrated  Nb-doped  SrTi03  anodes  with  highly- 
efficient  diffusion  properties  [8].  Park  et  al.  employed  a  screen¬ 
printing  method  to  synthesize  (La,  Sr)Co03-based  multilayered 
composite  cathode  materials  that  exhibit  pronounced  transport 
properties  [9].  In  parallel,  the  techniques  for  the  measurement  of 
mass  transport  in  fuel  cells  have  also  been  well  advanced  in  recent 
years  [10-12].  In  particular,  the  authors  have  designed  sensor- 
based  electrochemical  devices  for  the  direct  measurement  of  gas 
diffusivity  in  fuel  cells  13-18].  The  measured  gas  diffusivity  pro¬ 
vides  the  quantitative  basis  for  the  efficient  evaluation  of  limiting 
current  density  and  concentration  polarization,  which  are  two  key 
performance  parameters  in  fuel  cells.  However,  all  the  previous 
electrochemical  devices  designed  by  the  authors  neglected  the 
temperature  uncertainty  caused  by  the  different  positions  of  the 
oxygen  pump  and  the  oxygen  sensor  across  the  electrolyte  tube.  As 
a  consequence,  errors  in  the  gas  diffusivity  measurement  and  the 
subsequent  evaluations  of  limiting  current  and  concentration  po¬ 
larization  were  inevitably  induced  according  to  Eqs.  1  -6, 

ADeff  —  RTlai 

auH2-H2o  -  7  sr  \l) 

4F(p°2-APg 

Aneff  _  RTlci 

^u02-n2  -  7  ;  Y  1  J 


2.  Materials  and  methods 

2  A.  Multifunctional-sensor  electrochemical  cell  device 

The  electrochemical  device  proposed  for  the  diffusivity  mea¬ 
surement  in  solid  oxide  fuel  cells  is  shown  in  Fig.  1.  Without  special 
notes,  all  the  following  results  and  discussions  in  this  report  are 
centered  on  solid  oxide  fuel  cells.  In  principle,  the  device  can  be 
employed  for  the  diffusivity  measurement  in  any  type  of  fuel  cells 
upon  adjustment  of  the  electrolyte  and  electrode  materials  in  the 
device.  The  proposed  device,  as  shown  in  Fig.  1,  exhibits  two 
obvious  advantages  over  previous  electrochemical  devices  for  the 
gas  diffusivity  measurement  in  fuel  cells.  First,  in  the  previous 
electrochemical  devices,  electrolyte  discs  were  attached  to  the  ends 
of  the  electrolyte  tubes,  which  could  cause  gas  leak  in  the  diffusivity 
measurement.  Furthermore,  the  electrolyte  discs  were  typically 
obtained  via  complex  treatments  including  die  pressing,  polishing 
and  high-temperature  annealing,  etc.  The  employment  of  the 
electrolyte  disc  on  one  end  of  the  electrolyte  tube  in  the  proposed 
electrochemical  device  is  avoided.  The  basic  frame  of  the  electro¬ 
chemical  device  only  consists  of  an  electrode  to  be  measured  and 
an  electrolyte  tube  with  only  one  open  end  and  thus,  the  device  is 
much  simplified  compared  to  the  previous  electrochemical  devices. 
Second,  the  oxygen  sensor  and  the  oxygen  pump  are  located  at  the 
same  spot  across  the  electrolyte  tube.  Therefore,  the  oxygen  pump 
and  the  oxygen  sensor  can  be  operated  at  the  same  temperature, 
and  as  a  result  the  temperature  uncertainty  in  the  diffusivity 
measurement  is  eliminated. 


where  T  is  the  measurement  temperature,  F  is  the  Faraday  constant, 
R  is  the  gas  constant,  i  is  the  applied  current  density,  Za  (Zc)  is  the 
anode  (cathode)  thickness,  £h2_h2o(^oJ-n2)  effective  binary 
gas  diffusivity  of  the  anode  (cathode),  Ph2(Po2)  *s  the  H2  (O2) 
pressure  out  of  the  measurement  device,  and  Ph2Q(Po2)  is  the  H2 
(O2)  pressure  in  the  YSZ  tube  of  the  device  [13-18]. 
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where  ia  (ic)  is  the  anode  (cathode)  limiting  current  density,  and  pt 
( ~  1  atm)  is  the  total  pressure  of  gaseous  species  in  the  measure¬ 
ment  system. 
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where  ??a  {rjc)  is  the  concentration  polarization  of  the  anode 
(cathode),  and  pg \  (p£  0)  is  the  pressure  of  the  anode  gas  (H2-H20) 

[13-15]. 

In  this  report,  we  eliminate  the  temperature  uncertainty  in  the 
gas  diffusivity  measurement  in  fuel  cells  by  proposing  an  elec¬ 
trochemical  device  with  a  multifunctional  sensor.  Our  analysis 
shows  that  the  electrochemical  device  largely  improves  the  ac¬ 
curacy  in  the  direct  gas  diffusivity  measurement  and  the  evalua¬ 
tions  of  limiting  current  and  concentration  polarization.  The 
device  along  with  the  quantitative  analysis  is  expected  to  facilitate 
the  development  of  low-temperature  fuel  cells  with  reduced  en¬ 
ergy  loss. 


2.2.  Theoretical  analysis  for  cathode  diffusivity  measurement 


The  working  mechanisms  of  anode  and  cathode  diffusivity 
measurements  are  similar,  and  for  simplicity  we  here  analyze  the 
working  principle  of  the  cathode  diffusivity  measurement  [10  .  In 
the  cathode  diffusivity  measurement,  the  proposed  electro¬ 
chemical  device  is  placed  at  the  center  of  a  tube  furnace  and  purged 
with  O2-N2  gas  mixture.  With  an  applied  current  via  the  oxygen 
pump  (Fig.  1 )  in  an  O2-N2  flow  at  a  fixed  flow  rate,  a  flux  of  O2-N2 
gas  mixture  is  induced  through  the  porous  cathode  sample  (Fig.  1) 
according  to  the  Faraday’s  law,  and  the  correlation  between  the  flux 
and  the  applied  current  is  expressed  in  Eq.  (7), 


where  J02  is  the  O2  flux  induced  by  the  applied  current  i.  Such  an 
induced  gas  flux  results  in  the  pressure  difference  inside  and  out  of 
the  proposed  electrochemical  device  in  the  tube  furnace.  After 


Fig.  1.  An  electrochemical  device  with  a  multifunctional  sensor  for  accurate  gas 
diffusivity  measurement  in  fuel  cells.  The  operation  mechanism  is  based  on  Eqs.  1-6 
and  the  equilibrium  gas  reaction  of  2H20(g)<^>2H2(g)  +  02(g). 
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~  10  min,  the  gas  phases  inside  and  out  of  the  electrochemical  de¬ 
vice  in  a  tube  furnace  reach  an  equilibrium  state  driven  by  the 
pressure  difference  inside  and  out  of  the  proposed  electrochemical 
device.  At  such  an  equilibrium  state,  switching  the  operation  of  the 
oxygen  pump  over  to  the  operation  of  the  oxygen  sensor  allows  for 
the  measurement  of  a  decaying  voltage  as  demonstrated  in  Fig.  SI. 
Based  on  the  applied  current,  the  initial  voltage  and  the  reaction 
constant  for  three-phase  reaction  2H20(g)^2H2(g)  +  02(g),  the 
cathode  gas  diffusivity  D^f_N2  can  then  be  determined  via  Eq.  (2).  In 
the  case  of  measuring  the  anode  gas  diffusivity,  the  gas  flow,  the 
electrode  sample  and  metal  wirings  for  electrical  connection  need  to 
be  adjusted  accordingly.  Clearly,  this  method  of  measuring  gas 
diffusivity  in  fuel  cells  is  much  simplified  and  more  efficient 
compared  to  the  previous  measurement  techniques.  Next,  we 
perform  quantitative  analysis  to  justify  the  necessity  of  the  proposed 
electrochemical  device  for  the  accurate  gas  diffusivity  measurement 
in  fuel  cells.  The  dimensions  of  such  electrochemical  devices  are 
typically  within  0.2  m.  The  temperature  variance  within  0.2  m  range 
can  be  different  for  various  furnace  systems,  but  is  expected  to  lie  in 
the  range  of  0-100  °C  in  the  diffusivity  measurement  in  fuel  cells 
with  working  temperatures  above  500  °C.  In  the  following  analysis, 
we  thus  allow  the  temperature  uncertainty  to  vary  within  the  range 
of  0-20%. 

3.  Results  and  discussion 

The  evaluation  error  AD  induced  by  the  temperature  variance 
AT  can  be  calculated  with  known  applied  current  density  and 
electrode  thickness  based  on  Eqs.  (1 )  and  (2).  As  shown  in  Fig.  2,  for 
both  anodes  (Fig.  2a)  and  cathodes  (Fig.  2b),  AD  increases  linearly 
with  increasing  AT  as  A T/T  varies  in  the  range  of  0-20%.  The  rela¬ 
tively  steep  slopes  of  the  AD  plots  for  the  different  temperatures 
suggest  that  an  uncertainty  in  the  temperature  indeed  induces 
substantial  errors  in  the  gas  diffusivity  evaluation.  With  a  certain 
temperature  uncertainty,  for  both  electrodes  the  temperature  un¬ 
certainty  for  high-temperature  measurements  results  in  larger 
evaluation  errors  compared  to  the  evaluation  errors  for  low- 
temperature  measurements;  with  a  fixed  value  of  temperature 
uncertainty,  the  error  of  the  diffusivity  evaluation  for  measurement 
temperature  800  °C  is  the  largest  among  the  four  considered 
measurement  temperatures,  followed  by  the  errors  of  the  diffu¬ 
sivity  evaluation  for  measurement  temperatures  750  °C,  700  °C  and 
650  °C,  respectively,  as  shown  in  Fig.  2a  and  b.  Thus  the  tempera¬ 
ture  uncertainty  is  more  disastrous  for  the  gas  diffusivity  evaluation 
of  high-temperature  fuel  cells.  The  proposed  device  is  highly 
desirable  for  SOFCs  since  the  working  temperatures  of  currently- 
existing  SOFCs  are  typically  above  500  °C. 

As  shown  in  Eqs.  (3)  and  (4),  limiting  current  is  quantitatively 
correlated  with  gas  diffusivity.  We  thus  evaluate  the  error  in  the 
evaluation  of  limiting  current  density  as  a  function  of  tempera¬ 
ture  uncertainty  in  the  gas  diffusivity  measurement  of  fuel  cells. 
Aia  (Aic)  is  linearly  increasing  with  increasing  A  T/T  as  shown  in 
Fig.  3.  For  anodes,  Aia  appears  to  be  less  dependent  on  temper¬ 
ature  in  the  medium  temperature  range  compared  to  the  Aia  at 
low  and  high  temperatures,  as  noted  by  the  close  magnitudes  of 
Aia  at  700  °C  and  750  °C.  Aic  increases  sharply  with  increasing 
A  T/T  at  any  temperature  as  noted  by  the  almost  overlapping  plots 
of  Aic  versus  AT/T,  as  shown  in  Fig.  3b.  Unlike  the  monotonous 
increase  in  the  evaluation  error  of  limiting  current  density  with 
increasing  measurement  temperature,  the  evaluation  error  of 
cathode  limiting  current  density  exhibits  an  irregular  depen¬ 
dence  on  electrode  thickness  although  Aia  (Aic)  increases  with 
increasing  AT/T  for  all  the  considered  electrode  thicknesses  in 
Fig.  3c  and  d.  For  instance,  with  a  fixed  temperature  uncertainty 
the  evaluation  error  of  limiting  current  density  is  the  largest  for 


AT/T 


Fig.  2.  Plots  of  anode  (a)  and  cathode  (b)  diffusivity  measurement  errors  as  a  function 
of  the  uncertainty  in  measurement  temperature  (AT/T)  with  an  applied  current  density 
of  500  A  m-2.  Anode  hydrogen  effective  binary  diffusivities  are  0.046  cm2  s-1  for 
650  °C,  0.055  cm2  s"1  for  700  °C,  0.06  cm2  s"1  for  750  °C  and  0.07  cm2  s"1  for  800  °C, 
respectively.  Cathode  oxygen  effective  binary  diffusivities  are  0.056  cm2  s-1  for  650  °C, 
0.062  cm2  s-1  for  700  °C,  0.067  cm2  s-1  for  750  °C,  and  0.072  cm2  s-1  for  800  °C, 
respectively.  Anode  thickness  is  0.75  mm  and  cathode  thickness  is  0.2  mm. 


0.2  mm  cathodes,  followed  by  2  mm,  20  nm  and  2  pm  cathodes, 
respectively;  however,  no  irregularity  is  observed  in  the 
Log  (Aia)-versus-AT/T  plots  for  anodes  with  various  thicknesses  at 
700  °C.  The  irregular  cathode  thickness  dependence  suggests 
that  eliminating  the  temperature  uncertainty  in  the  diffusivity 
measurement  in  fuel  cells  is  necessary  for  any  cathode  thickness 
and  that  the  effort  of  achieving  accurate  gas  diffusivity  mea¬ 
surement  via  the  previous  electrochemical  devices  by  selecting 
certain  electrode  thicknesses  is  not  viable. 

Both  diffusivity  and  limiting  current  interplay  quantitatively 
with  the  concentration  polarization  of  fuel  cells,  a  major  source  of 
polarizations  in  fuel  cells  with  electrodes  characterized  with 
impeded  gas  transport  [19-21  ].  To  further  evaluate  the  necessity  of 
the  multifunctional  sensor  electrochemical  device  as  proposed  in 
this  report,  we  then  analyze  the  evaluation  of  concentration  po¬ 
larization  as  a  function  of  temperature  uncertainty  at  different 
measurement  temperatures  and  for  electrodes  of  different  thick¬ 
nesses.  ACP  increases  with  increasing  temperature  uncertainty  in 
all  the  ACP-versus-AT/T  plots  for  anodes  and  cathodes  at  different 
temperatures  and  for  different  electrode  thicknesses,  as  shown  in 
Fig.  4.  Interestingly,  unlike  the  plots  of  diffusivity  and  limiting 
current  density  evaluation  errors  in  Figs.  2  and  3,  the  concentration 
polarization  evaluation  error  exhibits  an  irregular  dependence  on 
the  measurement  temperature  for  anodes.  For  instance,  with  a 
fixed  temperature  uncertainty  the  evaluation  error  of  anode  con¬ 
centration  polarization  at  650  °C  is  the  largest  among  the  four 
considered  temperatures,  followed  by  the  evaluation  error  of  anode 
concentration  polarization  at  750  °C,  800  °C,  and  700  °C,  respec¬ 
tively,  as  shown  in  Fig.  4a.  Further,  irregular  electrode  thickness 
dependence  is  also  observed  in  the  Log  (ACP)-versus-AT/T  plots  for 
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Fig.  3.  Plots  of  the  evaluation  errors  in  anode  (a)  and  cathode  (b)  limiting  current  density  as  a  function  of  the  measurement  temperature  uncertainty  (A TjT)  with  an  applied  current 
density  of  500  A  m-2.  Anode  thickness  is  0.75  mm  and  cathode  thickness  is  0.2  mm.  Anode  limiting  current  densities  are  1.33  x  103  A  m~2  for  650  °C,  1.48  x  103  A  m-2  for  700  °C, 

I. 51  x  103  A  m-2  for  750  °C  and  1.65  x  103  A  m-2  for  800  °C,  respectively.  Cathode  limiting  current  densities  are  10.77  x  104  A  m-2  for  650  °C,  11.07  x  104  A  m-2  for  700  °C, 

II. 17  x  104  A  m-2  for  750  °C  and  11.25  x  104  A  m-2  for  800  °C,  respectively.  Log  (Aia)  (Log  (Aic))-versiis-AT/T  plots  for  different  electrode  thicknesses  at  700  °C  and  with  an  applied 
current  density  of  500  A  m-2. 


AT/T  AT/T 

Fig.  4.  Plots  of  the  evaluation  errors  in  the  anode  (a)  and  cathode  (b)  concentration  polarization  as  a  function  of  the  uncertainty  (AT/T)  in  measurement  temperature.  Anode 
concentration  polarizations  are  0.0128  V  for  650  °C,  0.0134  V  for  700  °C,  0.0128  V  for  750  °C  and  0.0135  V  for  800  °C,  respectively.  Cathode  concentration  polarizations  are 
6.5  x  10-4  V  for  650  °C,  6.8  x  10-4  V  for  700  °C,  7.2  x  10-4  V  for  750  °C  and  7.7  x  10-4  V  for  800  °C,  respectively.  Log  (ACP)-versus-AT/r  plots  for  different  electrode  thicknesses  at 
700  °C  and  with  an  applied  current  density  of  500  A  m-2.  Anode  thickness  is  0.75  mm  and  cathode  thickness  is  0.2  mm. 
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different  anode  (cathode)  thicknesses  at  700  °C.  The  irregular  de¬ 
pendences  of  concentration  polarization  on  the  measurement 
temperature  and  the  electrode  thicknesses  further  confirm  the 
necessity  of  eliminating  the  temperature  uncertainty  in  the  gas 
diffusivity  measurement  in  fuel  cells.  Therefore,  the  proposed 
electrochemical  device  is  highly-desirable  for  the  gas  diffusivity 
measurement  in  both  bulk  and  thin  nanostructured  fuel  cell  sys¬ 
tems  operated  at  any  temperature. 

In  the  above  analysis,  different  thicknesses  and  certain  applied 
current  densities  are  chosen  for  anodes  and  cathodes  for  direct 
comparison  with  the  authors’  previous  experimental  and  theoret¬ 
ical  results  [10].  Further  detailed  insight  into  thickness/current 
density  dependences  can  be  readily  obtained  according  to  the 
systematic  investigation  into  the  thickness/current  density  de¬ 
pendences  in  the  authors’  previous  reports  14-17]. 

In  conclusion,  a  multifunctional  sensor  electrochemical  device  is 
proposed  for  the  accurate  gas  diffusivity  measurement  in  fuel  cells. 
With  the  device,  the  temperature  uncertainty,  which  induces 
substantial  errors  in  the  evaluations  of  limiting  current  density  and 
concentration  polarization,  can  be  eliminated  in  the  gas  diffusivity 
measurement  in  fuel  cells.  Our  quantitative  analysis  suggests  that 
the  elimination  of  the  temperature  uncertainty  is  necessary  in  the 
diffusivity  measurement  in  both  bulk  and  thin  nanostructured  fuel 
cells  at  any  operating  temperature.  Our  proposed  device  along  with 
the  quantitative  analysis  facilitates  the  development  of  low- 
temperature  fuel  cells  with  low  energy  loss. 
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